A B S T R A C T Two sodium transport systems have been analyzed in this work: the voltage-sensitive sodium channel and the (Na+, K+) ATPase pump. The sodium channel has been studied using a tritiated derivative of tetrodotoxin; the sodium pump has been studied using tritiated ouabain. Properties of interaction of tritiated tetrodotoxin and of tritiated ouabain with their respective receptors were observed in normal human skeletal muscle and in muscles of patients with myotonic muscular dystrophy and with lower motor neuron impairment.
A B S T R A C T Two sodium transport systems have been analyzed in this work: the voltage-sensitive sodium channel and the (Na+, K+) ATPase pump. The sodium channel has been studied using a tritiated derivative of tetrodotoxin; the sodium pump has been studied using tritiated ouabain. Properties of interaction of tritiated tetrodotoxin and of tritiated ouabain with their respective receptors were observed in normal human skeletal muscle and in muscles of patients with myotonic muscular dystrophy and with lower motor neuron impairment.
Levels of sodium pump and of sodium channels were measured at different stages of membrane purification. Microsomal fractions of normal human muscle have maximal binding capacities for tetrodotoxin of 230 fmol/mg of protein and of 7.4 pmol/mg of protein for ouabain.
Dissociation constant for the complexes formed by the tetrodotoxin derivative and by ouabain with their respective receptors were 0.52 nM and 0.55 ,uM, respectively.
In muscles from patients with myotonic muscular dystrophy, the maximal binding capacity for tetrodotoxin, i.e., the number of Na+ channels was found to be very similar to that found for normal muscle.
The maximal binding capacity for ouabain, i.e., the number of Na+ pumps was three-to sixfold lower than in normal muscle. Dissociation constants for the com- plexes formed with the tetrodotoxin derivative and with ouabain were the same as for normal muscle.
In muscles from patients with lower motor nerve impairment, the maximal binding capacities for tetrodotoxin and for ouabain were twice as high as in normal muscle. Again, dissociation constants for the complexes formed with the tetrodotoxin derivative and with ouabain were nearly unchanged as compared with normal muscle.
These results suggest that sodium transport systems involved in the generation of action potentials and/or in the regulation of the resting potential are altered both in myotonic muscular dystrophy and in lower motor neuron impairment. INTRODUCTION Myotonic disorders are inherited diseases whose clinical manifestation is delayed relaxation of the muscles after voluntary contraction. Myotonia also includes electrophysiological signs such as increased excitability, which has been shown by electromyography examination as a tendency to fire characteristic trains of repetitive action potentials in response to wild contraction or to direct electrical or mechanical stimulation.
Myotonia in man is commonly associated with muscular dystrophy and called myotonic muscular dystrophy (MyD)' or Steinert's disease. But as the cardinal sign in nondystrophic forms such as myotonia congenita, or Thomsen's disease, and paramyotonia congenita (for syndrome classification, see ref. 1). All these disorders appear to be due to an abnormality of the muscle itself as they persist after section or blocking of the motor nerve and after curarization (2) . Most experimental and clinical data suggest that human myotonia arises from genetically induced structural and functional alterations of muscle cell membranes. However, the specific defect has not yet been defined.
Nearly all of the relevant research related to myotonia has been carried out so far using experimental animal models, especially goats, with a hereditary myotonia that resembles autosomal dominant myotonia congenita of man in inheritance pattern, involvement of the muscle fiber membrane, and loss of membrane chloride conductance (3) (4) (5) . The widespread organ involvement, apparent absence of circulating myotonic toxin, failure of any neurogenic or vascular theory to explain membrane abnormality also support in the case of MyD a primary defect of membrane proteins and/or lipids.
Another distinct aspect of muscle pathology is human neurogenic muscular atrophy, which occurs in lower motor neuron impairment such as motor neuron disease, disorder of motor nerve roots, and disorder of peripheral motor or mixed nerves (for syndrome classification see ref. 6 ). In all these diseased states, the muscular wasting is due to defective muscle innervation rather than an intrinsic affection of the tissue. Accordingly, morphological and electrophysiological data show that structural and functional deficiencies of muscle are linked to an alteration of neural influence. As indicated by electrophysiological analysis, specific abnormalities of the excitable properties of muscle fibers can be found in response to modification in acetylcholine discharge (7) . This latter discharge, initiated by nerve impulse, controls the propagation of action potential by changing the ionic permeability of muscle membranes.
The generation of an action potential during excitation requires rapid sequential changes in membrane conductances of Na+ and K+ ions (8) that depend on the opening and closing of the respective channels (9) . When the action potential has passed, the cell is left with a disturbed ion distribution that is restored by the enzyme (Na+, K+)ATPase (10) .
We analyze in this paper the comparative properties of two important components of the Na+ pathway through the muscle membrane, i.e., the voltage-sensitive Na+ channel and the (Na+, K+)ATPase, in normal and pathological human muscle.
The levels of the Na+ pump in normal and pathological muscle were measured using [3H]ouabain, a cardiac glycoside that binds very specifically to the phosphorylated form of the enzyme (10) (11) (12) (13) . Densities of sodium channels were measured using a highly radioactive tetrodotoxin derivative, the synthesis of which has been recently described (14) . Tetrodotoxin is one of the toxins specific for the fast Na+ conductance in excitable tissues; it blocks Na+ passage through the channel (15, 16 ) . Briefly, samples of human muscle were washed in an ice-cold buffer at pH 7.4 (buffer 1) containing 50 mM triethanolamine and 0.8 M KCI, and homogenized in 4 vol of the same buffer with a polytron apparatus at setting 6 using one 5-s burst.
Homogenates were then centrifuged at 20,000g for 10 min. Pellets were resuspended in 1 vol of buffer 1 with a Potter-Elvejhem homogenizer and recentrifuged under the same conditions. New pellets were resuspended in 1 vol of an ice-cold buffer at pH 7.4 containing 50 mM triethanolamine and 10 mM NaHCO3 (buffer 2) at pH 7.4 with the Potter homogenizer to obtain the purified homogenate Ho.
Ho was centrifuged at 20,000 g for 10 min. The supernatant SI was discarded and the pellet PI was washed once with buffer 2. After washing, pellet P1 was suspended in 1 vol of buffer 2 with the polytron apparatus (setting 6: three 30-s bursts) and centrifuged at 2,000g for 20 min. The supernatant S2 was then centrifuged at 100,000 g for 1 h. The pellet P3 corresponds to the microsomal fraction. It was diluted to a concentration of 1 mg protein/ml in a 20-mM Tris-HCI buffer at pH 7.4 containing 50 mM choline chloride, and used directly for binding assays. Further fractionation to isolate external membranes of a higher purity was not possible because of the small amount of normal or patho- logical muscle available. Protein contents were determined channels were determined using a tetrodotoxin derivative using Hartree's method (18) with bovine serum albumin as made by grafting tritiated ethylenediamine to tetrodotoxin a standard.
(TTX) (14) . Binding assays with this derivative [3H]en-TTX Binding assays. Measurements of the amount of Na+ were carried out in a choline chloride medium as previously Fig. 4A, B (19) , synaptosomes (24) , and rat muscle (25) .
The molecular basis of muscular dystrophies and of other diseases of the nerve-muscle unit is still not clearly established with the exception in the case of myasthenia gravis that is believed to be due to the formation of antiacetylcholine receptor antibodies (26) .
MyD. Electrophysiological investigations of MyD have shown that high frequency repetitive discharges were induced by needle movement, percussion or voluntary activity. Thus, myotonia is best defined as a sustained contraction of muscle fibers caused by repetitive membrane depolarization, which occurs in the absence of nerve influence since it persists after curarization. At least two mechanisms have been proposed to explain two different types of myotonic disorders. In hyperkaliemic familial periodic paralysis and in the closely related disease paramyotonia congenita, external membranes of muscle fibers probably depolarize as a result of an increased permeability to Na+ (27) . Other studies performed with hereditary myotonic goats have led to the suggestion by extrapolation that human myotonia congenita results from a reduction of membrane permeability to chloride. In myotonia congenita, the resting membrane potential is not changed and a normal size depolarization is still required to initiate action potentials (28) . However, a small variation of Na+ conductance could in that case exert a stronger than normal depolarizing action since it could only be balanced by potassium channels and not, as in normal membranes, by the combined effects of potassium and chloride channels.
Anomalies of chloride channels have not yet been detected in MyD (29) . This disease is known to be a systemic genetic disorder inherited as an autosomal dominant trait. Electrophysiological studies have shown that the resting membrane potential is reduced (28, (30) (31) (32) (33) and that the membrane resistance is slightly increased (34) . The overshoot of the action potential is not significantly affected (32) or only slightly decreased (33) and, like in normal muscle, the action potential is completely abolished after a 3-min exposure to 1 ,M TTX (7, 33) . These results may suggest that the sodium pump, which controls in part the resting potential, is altered in MyD while the sodium conductance that is inhibited by TTX is normal, or only very slightly modified (33) .
A different approach taken to determine the molecular defects in MyD consists in analyzing the properties of erythrocyte membranes of patients with MyD. Roses et al. (35, 36) showed that phosphorylation of band III by an endogenous protein kinase was deficient in erythrocyte ghosts from patients with MyD. Band III contains several proteins including (Na+, K+)ATPase. Erythrocyte membranes from patients with myotonia congenita or Duchenne muscular dystrophy had properties similar to normal membranes (37) .
A change in the stoichiometry of Na+ and K+ transport catalyzed by the (Na+, K+)ATPase has also been shown in erythrocyte membranes of patients with MyD. A "normal" (Na+, K+)ATPase catalyzes the extrusion of three sodium ions and the coupled influx of two potassium ions (38) . The pathological (Na+, K+)ATPase has been reported to have a stoichiometry of transport on only two sodium for two potassium ions (39) . An alteration of calcium transport was also reported for erythrocytes of patients with MyD (40) .
Data presented in this paper have shown that voltage-sensitive Na+ channels are apparently normal in MyD. Their number expressed per milligram of protein (Table III) The affinity of saxitoxin for its receptor was the same in innervated and denervated muscle (25, 46) . In contrast with the observations made after experimental denervation of rat muscle, Gruener et al. (7, 33) reported that TTX-resistant action potentials are not observed in pathologically nerve-impaired human muscle. This absence of TTX resistance suggests an incomplete loss of nerve control in pathological denervations and, of course, unchanged properties for the fast sodium conductance.
Data obtained in this paper (Table III) show in contrast with observations made on rat muscle (25, 46) , that there is an increase by a factor of 2 in the number of TTX binding sites on nerve-impaired human muscle as compared with normal human muscle. This change in number of sites is not accompanied by a change in the affinity of sodium channels for [3H]en-TTX.
The number of ouabain binding sites in nerve-impaired human muscle is twofold higher than in normal human muscle. The affinity of ouabain for its receptor is the same in normal and pathological muscles. A similar increase in the number of ouabain binding sites was observed by Festoff et al. (23) after denervation of rat muscle.
Electrophysiological recordings in human nerve-impaired muscle have shown fibrillation potentials. These potentials reflect a defective ionic balance in response to denervation of the muscle membrane itself since they are unaffected by curarization. In addition, a severe loss of membrane excitability linked to a reduced input membrane resistance has been observed by Gruener (7, 33) on muscles with motor neuron disease. These different electrophysiological properties of the pathological muscle may be due to the increased number of Na+ channels.
One of the problems with both denervated muscle and myotonic muscle is that there is an architectural disruption which is secondary to the illness rather than being primary. Experiments carried out in this paper describe binding data obtained at different stages of membrane purification and make it unlikely that the variations in number of ouabain and TTX binding sites are simply the result of membrane disruption. However, since both normal human muscle and myotonic muscle can now be grown in culture (47) and since electrophysiological abnormalities demonstrated in myotonic myotubes suggest similarities of the intact fiber and of the tissue culture system (47) , it would now be of a great interest to apply the findings reported in this paper to cultures of normal and myotonic muscle.
